Given the lack of studies on subsurface drip irrigation in sugarcane plantations, there has been a growing demand for such information, mainly regarding soil solution profile and availability to plants. Thus, this study aimed to evaluate the effects of soil-water solution distribution on qualitative and quantitative traits of sugarcane irrigated by subsurface drip irrigation at two flows (1.6 and 3.5 L h -1 ). For each application rate, four PVC containers (500 L) were used and filled with sandy soil, where a set of 36 TDR probes was installed. Drippers were placed at a depth of 0.30 m. Irrigation was managed based on TDR daily measurements, maintaining soil moisture within the root zone at field capacity. Sugarcane variety used was RB 845210, being fertigated according to soil chemical analysis. The results showed that the distribution of soil-water solution became stable at different depth layers during applications, highlighting a relationship between soil solution storage and wetted soil volume. Moreover, irrigation flow rates had no effect on the distribution of water and nutrients throughout the soil profile, neither crop yield, technological quality nor root density.
INTRODUCTION
Sugarcane is a semi-perennial grass (Saccharum officinarum L.) native to Asia. Currently, the top producers are Brazil, India, Cuba, Mexico, and Ch ina. In Brazil, this crop has a major socioeconomic importance as it provides income, employ ment, and foreign exchange, main ly fro m ethanol and sugar production (Gilio & Moraes, 2016) .
Brazil is the largest exporter and producer world wide, with almost 34 million tons produced and 25 million tons exported in 2015/2016 season (UNICA, 2017) . It has occupied around 9 million Brazilian hectares, of which 52.3 % in São Paulo state -the largest producer. Surprisingly, the estimated average yield is still lo waround 76,313 kg ha -1 (CONA B, 2016) -as this plant genetic potential is for 300 t ha -1 . Nowadays, modern irrigated agricu lture has required more than just an increasing agricultural production. The use of rational techniques for the conservation of soil, water, and nutrients are imperative to the maintenance of these resources over time in sufficient quantities and quality and aiming at further satisfactory yield levels (Wutke et al., 2000) by means of a sustainable agriculture.
Given the aforementioned assumption, drip irrigation can be used to achieve high efficiency in the use of water and nutrients. In this technique, part of the water is applied to the soil at s mall volu mes but at a high frequency, directly to the root zone, keeping soil mo isture at field capacity .
A drip irrigation system may be classified according to where dripping lines are installed. In a surface drip irrigation, drippers are set on the soil surface, while in subsurface dripping; they are placed beneath the surface. As the name imp lies, in the latter, water is emitted below the ground surface with a moisture front tangent to it (depending on depth), what avoids wet surface exposure and reduces further losses by evaporation, thus ensuring a highly efficient water application (Mart ínez & Reca, 2014) .
The use of subsurface drip irrigation in sugarcane crops is a major evolution in production technology since it increases crop yield and longevity. Moreover, in addition to watering, irrigation systems have been also used to improve nutrient application in many parts of the world (Borges & Silva, 2002) .
Fertigation has been a great alternative to the conventional application of nutrients to the soil because, insofar as fertilizers are d issolved in water they become readily available, being absorbed as soon as in contact with the root system of p lants (Santoro et al., 2013) .
Water distribution within a wet bulb vary according to several factors such as water applied volu me and flow rate, dripper position, arrangement (point source or source line) and number, as well as soil physical properties, spatial distribution, plant root-system activity and irrigation management (Colo mbo et al., 2013; Gonçalves et al., 2014) .
The misunderstanding of the aforementioned factors may lead the misuse of drip irrigation, carrying chemical substances in solution to layers below root system, which, in addition to causing an economic loss, compro mises the water quality of underground aquifers .
Drip irrigation can be improved by knowing the dynamics of water and s olutes in an unsaturated soil, as well as wet bulb positioning and shape throughout the soil profile. In this context, the objective of this study was to evaluate the effect of soil-water solution distribution on qualitative and quantitative traits of sugarcane irrigated by subsurface drip irrigation at two flow rates (1.6 and 3.5 L h -1 ).
MATERIAL AND MET HODS
The experiment was conducted in a greenhouse located in the Federal Un iversity of São Carlos (UFSCar), Araras city, São Paulo state (Brazil) (lat itude 22° 18'53.23" S, longitude 47° 23'00.91" W, and elevation of 701 m), between December 2014 and July 2015. The local climate is classified as Cwa (sub-tropical) according to Köppen's classification, with rainy summers and an average rainfall of 1300 mm. A g reenhouse measuring 5 m high, 6.4 m wide, and 20 m long and covered with a polyethylene film polyethylene was used to place the experimental units.
Eight 500-L PVC containers (0.65 m h igh and 1.20 m in diameter) with a drainage system in the bottom were distributed inside the greenhouse; these tanks were arranged to form t wo rows of four containers , on opposite sides, as shown in the diagram below (Figure 1 ). FIGURE 1. Diagram of the irrigation assembly and distribution of soil containers inside the greenhouse. (Rireservoirs; Bi -hydraulic pu mps) TDR probes were installed to a single central axis for soil water content () and electrical conductivity (EC) estimations. The probes were inserted horizontally through the sandy soil, forming a mesh of 36 probes per container, as can be seen in Figure 2 . FIGURE 2. Diagram of the TDR probe distribution and dripper placement inside soil containers.
Automatic subsurface drip irrigation was used to irrigate sugarcane plants. This system was div ided into two sectors (one for each flow), wh ich were controlled by solenoid valves. The same volume of water was irrigated in both treatments but alternately so that the containers V1 i and V2 i receive water at flow rates of 1.6 and 3.5 L h -1 , respectively, as in Figure 1 . For the irrigation of each container, only one dripper was installed at a depth of 0.30 m below ground surface (Dalri & Cruz, 2008) .
The soil used in containers was a Quartzipsamment group collected from the surface layer (0 to 0.30 m) in the city of Leme, whose geographical coordinates are 22º11'08" S (lat itude), 47º23'25" W (longitude) and 619 meters above sea level. Soil physical analysis was performed in undisturbed soil samples collected fro m the depth ranges of 0-0.15 and 0.15-0.30 m, with the aid of a volumetric ring. The analysis was performed in the Laboratory of Soil Physics, UFSCar, whose results are shown in Table 1 . Sugarcane seedlings (Saccharum spp.) of the variety RB 845210 were p repared in nurseries at CCAUFSCar, being transplanted on December 06, 2014 to the containers in the greenhouse. Four seedlings were transplanted to each container, totaling 16 plants per treatment (flow rates) ( Figure 3 ). The seedlings were planted at a depth of 0.25 m, 0.05 m above the dripper. Prior to transplantation, soil acid ity was corrected by liming according to previous analysis. The monitoring of soil  and EC was carried out using a TDR100 reflectometer (Campbell Scientific Inc.) along the channel plates mult iplexing SDMX-50, wh ich analyzes the electromagnetic signal automatically by a data logger (CR1000-Campbell Scientific 1 ). So il wet bulb formation and water and solute spatial distribution throughout the soil profile over time were evaluated by three readings at intervals of two weeks (repetitions) per container. The equations described by Bizari et al. (2014) were used to estimate  and EC, as follows: (1) where, θ -water content (m 3 m -3 ), and
where, EC P aste -electrical conductivity of saturated paste (dS m -1 ), and EC TDR -apparent electrical conductivity (dS m -1 ).
Irrigation was managed separately for each treatment based on TDR daily measurements, maintaining soil moisture within the root zone at field capacity (0.26 m 3 m -3 ) and avoiding plant water stress. The TDR prov ides the soil apparent dielectric constant (Ka), wh ich is substituted in [eq. (1) The amounts of nutrients to be applied by fertigation were estimated based on a soil chemical analysis performed at the Laboratory of Soil Fertility (CCA/UFSCar), fo llo wing the recommendations of the Technical Bulletin 100 (Raij et al., 1997) . During the experiment, fert igation was split into six applications, made within 15-day intervals (Dalri & Cru z, 2008) , using an injection pu mp installed outside the greenhouse.
The parameters evaluated in the soil profile, such as  and EC, enabled the estimation of solution distribution for both tested flow rates.
After harvesting, sugarcane stalks were weighed. Then, a technological analysis was performed for 10 stalks per plot, through which the following variables were analyzed: ºBrix, pol broth, pol sugar, purity, and fiber, using the methods described by CONSECANA (2015). Both sugarcane yield and technological quality data were submitted to a variance analysis (ANOVA) and to Tukey's test for the comparison of means.
Sugarcane roots were quantitatively evaluated by the auger-hole method (0.07 m in diameter), as described by Rodrigues et al. (2016) , wh ich allo wed a greater number of repetit ions without compromising the area. After sugarcane plants being harvested, the roots located at 0.05 m away fro m the planting rows were collected at depths of 0.20, 0.40, and 0.60 m, and at three points per depth, totaling six points sampled per container. Thereafter, these roots were placed in plastic bags and washed with water through a 0.1-mm mesh sieve. Afterward, they were left dry at room temperature, with impurities and organic matter removed by a forceps. After cleaned, these roots were placed in an oven at 65 °C for 48 hours, and thereafter, weighed to determine root density. Tables 2 and 3 show the distribution profiles of water and nutrients for each month (December to June), comparing treatments (1.6 and 3.5 L h -1 ). We should emphasize that the amount of water drained was not quantified here since our main goal was to investigate the distribution of water within wet soil volu me. Water storage was not altered by the third layer of water (0.30-0.45 m), thus showing a relationship between wet bulb water storage and dripper depth. As the soil was sandy, the applied water percolated to a deeper layer.
RES ULTS AND DISCUSS ION
When comparing both flow rates, the highest water storage was observed in the layer of 0.45-0.60 m (31.7 and 31.6 %, respectively); therefore, dripper position had no influence on the water distribution. For the other layers, the water storage in the second layer (0.15-0.30 m) was greater than that in the first layer (0-0.15 m) in both treatments, because of the rise of water in the soil p rofile. Accordingly, the dripper could be placed to a shallow depth between 0.20 and 0.25 m in sandy soils. By evaluating the effect of different dripper depths on water storage in an Oxisol profile using subsurface drip irrigation, Santos et al. (2016) concluded that a 0.2 m drip depth was the most appropriate for an efficient water use when using treated sewage effluent. According to these authors, when drippers were installed at a 0.2 m depth, water content was mostly concentrated at a depth of 0.8 m. (exceeded 2.4% volu me of stored water). This observation can be exp lained through the relationship between dripper position (0.30 m) and flow increase during water infiltrat ion. In this process, an increasing volume of saturated soil is necessary to adjust the movement of water through soil pores around the dripper; hence, there will be a higher water distribution within this layer than in areas not wet by a smaller flow rate. Sou za & Folegatti (2010) describes a similar finding in studies of wet bulb formation in surface drip irrigation; they reported a larger wet soil volume by increasing dripper flow rate.
On average, the largest solution storage (32.5 %) was observed in the layer of 0.45-0.60 m when irrigation was done at 1.6 L h -1 . Also, the use of a flow rate of 3.5 L h -1 presented the same tendency of increase in solution stored in the same layer (0.45-0.60 m), with an average value of 29.3 %. These results show the lack of difference between the tested drippers in terms of soil solution distribution; however, the dripper position (0.30 m fro m soil surface) influenced solution distribution and hence soil solution storage. The distribution of irrigation solution in different layers became stable throughout the application for each flow rate; thus, we can infer that there is a relation between solution distribution and storage inside the wet bulb, where storage was greater in the deepest layers .
In the first layer, the amount of solution stored was similar fo r the different flow rates; however, in the second layer (0.15-0.30 m), the highest storage was observed for a rate of 3.5 L h -1 . A gradient soil solution distribution was observed with a greater concentration at deeper layers, Therefore, this gradient decreases as the wetting front approaches; however, it is still possible to find nutrients in the topmost layer. This might have occurred because of a mass flow distribution within the wet bulb under active gravitational effect (Souza & Fo legatti, 2010) .
Through Figure 5 we can observe that there was no similarity between the applied flo w rates for the nutrient distribution in the soil. Yet, a h igher nutrient distribution was observed only in the layer 0.15 to 0.30 m when using a flow rate of 3.5 L h -1 , corroborating the water distribution results. These results show that the distribution of nutrients is closely related to the flow rates of drippers. This behavior is also observed for a total soil profile analysis, for which regression had an R 2 = 0.64 when comparing both flow rates. The flow rate of 1.6 L h -1 exceeded on average 2.3 % the distribution of fertigated nutrients if compared to that of 3.5 L h -1 . Grecco et al. (2016) also reported larger dimensions in wet bulb formation by irrigating at a flow rate 1.0 L h -1 , when compared to 1.6 L h -1 in simu lations using Hydrus 2D software. 
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Note: The same letters indicate that means are not significantly different by the Tukey's test at 5% probability, i.e. there is no difference between them. Table 5 shows the results of the technological quality analysis of sugarcane. No statistical difference was found between the flow rates of 1.6 and 3.5 L h -1 , which corroborates the results observed for sugarcane yield. After harvesting on September 22, 2015, root system was evaluated quantitatively, and average root density values are shown in Table 6 . Fro m these results, we can observe that there was no difference between both treatments at the three evaluated layers 
CONCLUS IONS
In this study, no differences were found regarding the distribution of water and nutrients throughout the soil profile under sugarcane irrigated by subsurface dripping at flow rates of 1.6 and 3.5 L h -1 , and neither were found significant statistical differences for sugarcane yield, technological quality, nor root density.
